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The molecular-frame photoelectron angular distributions (MFPADs) in O 1s photoemission from CO2 molecule were
measured. Patterns due to photoelectron diffractions were observed in the MFPADs. The polarization-averaged MF-
PADs were compared with theoretical calculation and were found to be useful in determining the molecular bond-
length, which is a component to determine molecular structures.
I. INTRODUCTION
Probing molecular structures during reactions, i.e. creating
a “molecular movie”, is key to understanding and ultimately
controlling such reactions. In order to capture ultrafast reac-
tions progressing in the femtosecond scale, we must obtain
a tool for such “movie” creation which also has femtosec-
ond resolution. The advent of intense optical lasers and free-
electron lasers enable us to initiate ultrafast reactions with
femtosecond control. The missing step is also to use such
time resolved lasers to extract the instantaneous structure of a
molecule during the course of the reaction.
X-ray diffraction (XRD)1 and electron diffraction (ED)2 are
well established techniques for probing the structure of matter,
in particular, the positions of atoms inside a molecule. These
methods are based on high energy x-rays or high energy elec-
trons. High energies are desirable since the de Broglie wave-
length is small, which is essential for achieving high spatial
resolution, additionally at high energies the scattering is sim-
ple so that extracting structure information from diffraction
data is relatively easy. However, at high energies scattering
cross sections are small. Thus XRD is often carried out with
condensed phase samples. High energy ED can be applied to
gas phase molecules due to strong interaction of changed par-
ticles with matter.3 Recent developments of ultrafast x-ray and
electron sources has opened up new possibilities of extend-
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ing the structure determination to the femtosecond timescale
at which the dynamics, e.g. atomic motion and structural
changes, occur (see, e.g. a recent review by R.J.D. Miller4).
Probing structural changes in gas phase molecules at the fem-
tosecond timescale by ED5 and XDR6 is, however, still chal-
lenging today.
The ED described above employs external electron sources.
An alternative approach is to use electrons emitted from
within the sample. Well-known extended x-ray absorption
fine structure (EXAFS) spectroscopy is a technique based on
the “from within” concept, which probes the local structure
close to the site where the core-level photoelectron is emitted.
Another “from within” technique used for probing, e.g., sur-
face structure, is photoelectron diffraction (PED) where the
directions of the photoemission are measured relative to the
sample orientation.7 The feasibility of both EXAFS8,9 and
PED10 has been demonstrated also for gas-phase molecules
using synchrotron radiation sources. Compared to the stan-
dard ED and XRD, the retrieval of molecular structure relies
on more sophisticated theories. Although applying PED to
femtosecond time-resolved study of gas-phase molecules us-
ing X-ray free-electron lasers has been proposed11 and indeed
there are some attempts towards this direction with newly
emerging short wavelength free-electron lasers,12–15 there has
been no report on time-resolved studies so far. Other ap-
proaches using laboratory lasers such as laser-assisted elec-
tron diffraction16, and laser-induced electron diffraction17–20,
have been proposed and developments are in progress.
In this study, we probe one of the components of the molec-
ular structure, bond-length, using molecular-frame photoelec-
tron angular distributions (MFPADs). Williams et al. mea-
sured three dimensional MFPADs in the C 1s photoemis-
sion from CH4 molecule and found that the polarization-
averaged MFPADs (PA-MFPAD) reflect bond directions of
the molecule21. Here we use a linear molecule, CO2 as a tar-
get molecule and focus on the dependence of the PA-MFPAD
on the bond-length.
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FIG. 1. The molecular frame. The molecular axis (dashed line) is
determined by the release directions of O+ and CO+. θk is the an-
gle between the electron momentum vector and the molecular axis.
θε is angle between the electric vector of the incident light and the
molecular axis. Two planes are shown in the figure. One contains the
electron emission direction vector and the molecular axis. The other
contains the electric vector and the molecular axis. φ corresponds to
angle between two planes.
II. METHODS
A. Experimental method
The experiment has been carried out at the c-branch of
the beam line BL27SU of SPring-822–24, using the 26 single-
bunches + 2/29 filling mode, which provides a single-bunch
separation of 165.2 ns. Linearly polarized incident light
crosses with supersonic CO2 jet at a right angle.
Our experimental method is based on the coincidence mea-
surement of electron and ion times of flight (TOFs) using two
multihit two-dimensional position sensitive detectors, and is
equivalent to cold-target recoil momentum spectroscopy or
the reaction microscope25–27. The TOF axis is perpendicular
to both the gas and photon beams. Ions are accelerated by a
uniform electrostatic field to a detector at one end of the accel-
eration region while the same field accelerates electrons in the
opposite direction where they enter a drift region. Each de-
tector is fitted with a two-dimensional (2D) multihit readout
delay-line anode (Roentdek)28. This permits measurements
of the TOF and 2D detection position coordinates, thus al-
lowing us to extract the three-dimensional (3D) momentum.
The orientation of the molecular axis at the time of photoe-
mission is extracted from the momentum vectors of the O+
and CO+ fragments resulting from Coulomb dissociation of
CO2+ formed via rapid Auger decay, within the axial-recoil
approximation29. Figure 1 illustrates the molecular frame.
B. Theoretical method
To extract structural parameters from the measured PA-
MFPADs, we computed the PA-MFPADs as a function of
molecular geometry, indicated by the variable q, and per-
formed a least-squares fit of computed PA-MFPADs and ex-
perimental PA-MFPADs with respect to variations in q in the
computation.
The fixed-geometry MFPAD intensity, from which the PA-
MFPADs are derived, can be written in terms of the FLN func-
tions as30
I (θk,φ ,θε ,q) = F00 (θk,q)+F20 (θk,q)P02 (cosθε)
+F21 (θk,q)P12 (cosθε)cos(φ)
+F22 (θk,q)P22 (cosθε)cos(2φ) (1)
using the coordinated system indicated in Figure 1, where φ =
φk− φε . The explicit expressions for obtaining the MFPADs
from computed dipole transition matrix elements are given in
the supplementary material. A dimensionless form of the FLN
functions can be written as31
F¯LN (θk,q) =
4pi
σ(q)
FLN (θk,q) (2)
where the total cross section as a function of geometry, σ(q),
can be obtained from F00 using
σ(q) = 2pi
∫ pi
0
F00 (θk,q)sinθkdθk. (3)
To obtain the PA-MFPAD we average the MFPAD with re-
spect to polarization direction which is obtained by integrating
Eq. (1) over φ and θε and dividing by 4pi . The dimensionless
PA-MFPAD is then
I¯PA(θk,q) = F¯00(θk,q). (4)
The computed PA-MFPADs were obtained from fixed-
nuclei transition matrix elements that were calculated using
the multichannel Schwinger configuration interaction (MC-
SCI) method32,33. The computed photoionization matrix el-
ements were very similar to those found in Ref.34. The ini-
tial state and final ionic states were represented as config-
uration interaction (CI) wave functions. A series of PA-
MFPADs were computed at different symmetric geometries
with R(CO1) = R(CO2) near the the experimental r0 geome-
try of R(CO1) = R(CO2) = 1.1621 Å35. The one-electron ba-
sis set used to construct these bound state wave functions was
the augmented correlation-consistent polarized valence triple-
zeta (aug-cc-pVTZ) basis set of Dunning and coworkers36,37.
The bound orbitals used in both the initial and final states
were computed using a valence complete active space self-
consistent field (VCASSCF) calculation on the initial ground
state of the molecule. All bound state calculations were per-
formed using the MOLPRO quantum chemistry code38.
In the MCSCI calculations of the fixed-nuclei transition
matrix elements, the CI wave functions for both the initial and
final ion states were obtained using the set of natural orbitals
3obtained from the initial state VCASSCF. In the initial state,
used in the MCSCI calculations, we included configuration
state functions (CSFs) with up to three electrons in the three
weakly-occupied natural-orbital shells, which were composed
of two σ orbitals and one pair of pi orbitals. In the ion states,
only up to double excitations into the weakly occupied shells
were considered. In these calculations, all electrons were ac-
tive leading to 2709 CSFs for the initial state and 2391 CSFs
for the ion states. In the ion state CI, the two core hole states
were found to be eigenstate 601 in 2Σ+u symmetry and 602 in
2Σ+g symmetry. In all scattering calculations we included two
ionization channels corresponding to the two O 1s core hole
states. All integrals were performed using a single-center ex-
pansion (SCE) including partial waves up to lmax = 80.
III. RESULTS AND DISCUSSION
In order to extract the MFPADs from the experimental data,
we have employed the projection method31,39. Our projection
method uses the fact that the expansion in Eq. (1) is written
in terms of orthogonal polynomials of θε and φ such that the
FJN(θk) can be obtained using
FJN(θk) =
(2J+1)(J−N)!
2pi (1+δN,0)(J+N)!
∫ pi
0
sinθkdθk
×
∫ 2pi
0
dφ I(θk,φ ,θε)PNJ (cosθε)cos(Nφ). (5)
In this method, all possible experimental information is en-
capsulated in the four one-dimensional FJN functions. The
measurements are on a relative scale and thus the FJN func-
tions are only relative. The FJN functions obtained from the
experiment are shown in the supplementary material.
Using the obtained FJN functions, we can reconstruct MF-
PADs for any angle θε between the molecular axis and the E
vector40. Figure 2 shows the MFPAD in the plane defined by
the E vector of the incident light and the molecular axis, i.e.,
φ = 0. There are several islands of high intensity and their
positions change with the photon energy, i.e. the photoelec-
tron energy change. In the O 1s photoemissions, the electron
emission direction is dominated by stripes along the θk = θε
diagonal seen in Figure 2, as would be expected from pho-
toemission from an isolated s state. However, in the emission
from the O 1s in CO2 we see that there is additionally struc-
ture that appears as the islands of enhanced intensity along
the diagonals. This additional structure is due to photoelec-
tron diffraction by the other atoms in the molecule, i.e. the
carbon atom and the second oxygen atom. Thus, pattern of
the islands along the diagonal has information about the dis-
tances between carbon and oxygen atoms in CO2.
The above described structural information can also be cap-
tured in the PA-MFPAD rather than the polarization depen-
dent MFPAD. Thus in the next step, we construct the PA-
MFPADs. The patterns shown in Figure 2 are asymmetric.
The asymmetry is due to core-hole localization in O 1s ion-
ization of CO2. By selecting different kinetic energy releases
of the fragment ions, it may be possible to separate the sym-
metric pattern and the asymmetric pattern due to core-hole
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FIG. 2. The MFPADs for O 1s electron emission from CO2 in the
plane spanned by the E vector of the incident light and the molecular
axis. The photon energies are 569.25 eV (a) and 574.75 eV (b).
localization and delocalization, respectively41. Since the de-
gree of localization is only determined by the Auger decay and
subsequent dissociation dynamics of the CO+2 1s hole states,
we can determine the bond-length at the time of photoioniza-
tion by including both the contributions from the localized or
delocalized core-holes. To remove the effects of localization,
we symmetrize F00(θk) obtained from the projection analysis
and use the symmetrized function in the PA-MFPAD in the
following discussion.
Figure 3 depicts the experimental and theoretical PA-
MFPADs for the O 1s photoemission at the photon energies
of 569.25 eV and 574.75 eV. The theoretical fixed-nuclei PA-
MFPADs were calculated at C–O bond-lengths which varied
from 1.087 Å to 1.237 Å, i.e. from−0.075 Å to +0.075 Å rel-
ative to the experimental r0 distance (1.1621 Å35) of the CO2
molecule in the ground state. The theoretical PA-MFPADs
were convoluted with a Gaussian with 21 degrees fwhm in or-
der to compare with the experimental data. The shape of the
PA-MFPAD changes when the bond-length is changed, and
thus the PA-MFPAD is seen to be sensitive to the bond-length.
It should be noted that the theoretical calculations em-
ployed here include the full electron-molecular ion scattering
dynamics and thus we can accurately treat relatively low ki-
netic energies such as 28.0 eV and 33.5 eV considered here,
which occur at photon energies 569.25 eV and 574.75 eV.
At such low energies, simple models commonly employed to
model photoelectron scattering10,11,14,15 may fail. Compari-
son between the experimental and theoretical results gives us
the average value of the C–O bond length when the O 1s pho-
toemission occurs. We obtained bond-lengths 1.19±0.05 Å
and 1.16±0.05 Å for 569.25 eV and 574.75 eV photon en-
ergies, respectively, by a root mean square analysis using
weights obtained from the experimental errors. The bond-
length obtained from different photon energies reasonably
agree with each other and with the rg bond length of CO2
molecule in the ground state (1.1653 Å42). Thus, the PA-
MFPAD is useful for determining the bond-length.
In summary, we have measured the PA-MAPADs for the
O 1s photoemission from CO2 molecule using electron–
ion coincidence spectroscopy and demonstrated that the PA-
MAPADs are sensitive to changes in the molecular geometry.
This method has the potential to be a tool for making “molec-
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FIG. 3. The PA-MFPADs of CO2 at the photon energies of (a)
569.25 eV and (b) 574.75 eV. Lines in different colors indicate cal-
culated results using different C–O bond-length with respect to the
equilibrium internuclear distance of neutral CO2 in the ground state.
Embedded circles with error bar indicate the experimental results.
ular movies” on the femtosecond time scale by using high-
energy short-pulse light sources such as free-electron lasers.
SUPPLEMENTARY MATERIAL
The supplementary material gives the detailed formulas
connecting computed dipole matrix elements and the MFPAD.
Additionally the supplementary material contains a plot of
the four experimental FJN functions for both 569.25 eV and
574.75 eV photon energies.
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